Abstract Enzyme technology has many potential applications in the baking industry because carbohydrate-active enzymes specifically react with carbohydrate components, such as starch, in complex food systems. Amylolytic enzymes are added to starch-based foods, such as baking products, to retain moisture more efficiently and to increase softness, freshness, and shelf life. The major reactions used to modify the structure of food starch include: (1) hydrolysis of a-1, 4 or a-1, 6 glycosidic linkages, (2) disproportionation by the transfer of glucan moieties, and (3) branching by formation of a-1, 6 glycosidic linkage. The catalytic reaction of a single enzyme or a mixture of more than two enzymes has been applied, generating novel starches, with chemical changes in the starch structure, in which the changes of molecular mass, branch chain length distribution, and the ratio of amylose to amylopectin may occur. These developments of enzyme technology highlight the potential to create various structured-starches for the food and baking industry.
Introduction
Starch is found widely in nature and is the most important energy source for human nutrition. It consists of amylopectin (a-1, 4 linked glucan and a-1, 6 linked branches) and amylose (a-1, 4 linked glucan). The physicochemical properties of natural starch do not meet the requirements of nutritional and industrial-baking applications. Starch is required to tolerate various process conditions, including pH, extreme heat, and cold when treated with sterilization, microwave ovens, and storage in a refrigerator. Starch should also have a high bioavailability like resistant starch (RS) or branched amylopectin. Therefore, modified starches for the baking industry are tailor-made to overcome shortcomings such as viscosity loss on processing, retrogradation, and instability of the gelatinized starch structure during low temperature storage of native starches.
In general, the modification of starches has been traditionally conducted by physical and/or chemical methods (Fig. 1) . Physical methods are simple and inexpensive, including heat-moisture treatments, freezing, and ultrahigh pressure treatments, while chemical modification involves the introduction of functional groups into the starch molecules, e.g., etherification and esterification, cross-linking and acid treatment [1] [2] [3] [4] [5] [6] [7] [8] [9] . In contrast, the genetic modification of starch employs transgenic technology that targets the enzymes involved in starch biosynthesis and degradation pathways in plants. In recent decades, enzymatic modifications have been adopted, partly replacing the chemical and physical methods for the preparation of modified starch, because enzymes are safer and healthier than chemical method for both the environment and food consumers. Food enzymes are the most widely used and still represent the major share of the enzyme market. Currently, starch-converting/or modifying enzymes used in the production of maltodextrin, glucose and fructose syrups or modified starches comprise about 30% of the world's enzyme production [10] . Thus, carbohydrate enzymes play an important role as processing essences in the food and baking industry. Their roles include the production of food ingredients, the enhancement of product quality, and the improvement of the efficiency of food processing [11] .
In addition, enzyme reactions are not only mild and very specific for substrates of starch present in complex food systems but they also give high yields and fewer byproducts [12, 13] . For example, enzymes have been efficiently used in the baking industry to improve the aspect of bread quality such as crumb softness and loaf microstructure, as well as the shelf life of products. The application of enzymes in bread or rice cake manufacturing has shown their value in quality control and the efficiency of production. The baking enzyme industry is expected to be worth $695.1 million by 2019 [14] . Currently, food and beverage production is the main consumer for the industrial enzyme market and it's worth is estimated to reach $2.3 billion by 2020 [14] .
One approach to enzymatic starch modification is to design a starch with a new structure, in which the molecular mass, branch chain length distribution, and amylose/ amylopectin ratio can be changed by enzyme reactions, when the enzymes react with gelatinized starch. These techniques usually produce starches with altered physicochemical properties and modified structural attributes for various food and non-food applications.
Similarly, native starch granules can be enzymatically modified, enabling the enzymatic hydrolysis to occur in some regions of a starch granule. The regions that are susceptible to enzymatic attack are the less well-organized amorphous regions, whereas the crystalline lamellae are more resistant to enzymatic erosion [15, 16] . The small starch granules have novel properties, including the capability to hold and release sensitive materials, such as flavors [17] . Small granules from wheat starches (2 lm average diameter) can mimic lipid micelles, providing a fat-like texture [18] . Waxy maize starch nano-crystals have also been prepared by a-amylase [19] [20] [21] . Kim et al. [19] reviewed the applications of the starch nanoparticles in food industry as a filler in composites, that can improve not only the mechanical properties but also the biodegradability of the composites.
Retrogradation of starchy foodstuffs, which has been referred to as staling, is a major problem that must be solved. Retrogradation is a process that occurs in gelatinized starch as it moves from an initial amorphous state to a more ordered or crystalline state, resulting in an increase in the firmness of foodstuffs. Starch retrogradation is a major factor in the staling of bread and other starchy foods during storage, having an unacceptable influence on the texture of foods. The increase in the firmness of crumb texture results in food becoming unsuitable for consumption. Therefore, the staling of starch-based foods, such as bread and rice cake, has been the focus of many investigations. Attempts to slow the rate of retrogradation have initiated the development of various enzymes, emulsifiers, oligosaccharides, and polysaccharides [22] . Enzyme treatment is a means of directly modifying starch structure, providing changes in the molecular size, the ratio of amylose to amylopectin, molecular weight, and branch chain length distribution [23] [24] [25] . Consequently, the branch chains produced by enzyme reactions are not able to be recrystallized and associated with other branch chains for the formation of new hydrogen bonds. Additionally, it has been suggested to modify amylopectin molecules in particular ways, so that the re-association of these molecules becomes less effective at increasing matrix rigidity during storage [24] .
A number of review articles on the subject of starch modification and conversion by various techniques are available [26] [27] [28] [29] [30] . However, there are not many reviews specific to the enzymatic modification of starches in the baking industry [31] , although there have been many biotechnology studies of food enzymes. Therefore, this review addresses the fundamental functions of the key enzymes and their applications for starch modifications in the baking industry.
Important starch modifying enzymes for baked goods Glycoside hydrolase and transglycosylase
Coutino and Henrissat [32] classified all the enzymes that act on starch into several families (CAZY website: http:// afmb.curs-mrs.fr/CAZY). Family 13, 57, and 77 include most of the technologically important enzymes that have been used for starch modification [33] . A classification of glycoside hydrolases into families based on amino acid sequence similarities has been proposed by Henrissat and Coutinho [34] [35] [36] . Glycoside hydrolases (GHs) are also referred to as glycosidases, and sometimes also as glycosyl hydrolases. Family 13 (GH13) includes enzymes such as aamylase (EC 3.2. [30] . The GH13 enzymes share a common secondary structure such as a (b/a) 8 barrel or TIM barrel structure (Fig. 2) . Most of this group of enzymes have four (or five) highly conserved regions in their primary sequence and share common amino acid residues in the active site [34, 35, 37, 38] . Three-dimensional (3D) structures of the a-amylase family have been determined using protein crystallization and X-ray crystallography (Fig. 2) .
Van der Maarel et al. [30] reviewed the properties of the starch-converting enzymes belonging to the a-amylase family or family 13 glycosyl hydrolases. Glycoside hydrolases (EC 3.2.1.-) are enzymes that catalyze the hydrolysis of the glycosidic linkage of glycosides, leading to the formation of a sugar hemiacetal or hemiketal and the corresponding free aglycon (Fig. 3) . In contrast, transglycosylases are enzymes that can catalyze the transformation of one glycoside to another. Transglycosylases use the same mechanism as various retaining glycoside hydrolases [39, 40] . Thus, reaction of the nucleophile of a retaining glycoside hydrolase with a substrate gives a glycosyl-enzyme intermediate that can be attacked either by water to give the hydrolysis product, or by another acceptor to give a new glycoside or oligosaccharide, as shown in Fig. 3 [41] . Both glycoside hydrolase and transglycosylase are involved in the modification of starches. In general, some transglycosylases possess substantial glycoside hydrolase activity and some glycoside hydrolases possess transglycosylase activity [39, 42, 43] . As shown in Fig. 3 the glycosyl enzyme intermediate can react with water to cause hydrolysis (glycoside hydrolase activity) or with a sugar acceptor to cause transglycosylation (transglycosylase activity) [44] .
Glycosyltransferase
Glycosyltransferases belong to the superfamily of glycoside hydrolases. They are found in three GH families, 13, 57, and 77 [45] [46] [47] . Among these enzymes, the GH13 family, including 4-a GTase and cyclodextrin glucanotransferase, is the largest (Table 1) . In Table 1 , the starchconverting/or starch modifying enzymes including glycosyl hydrolases (EC 3.2.1.X) and glycosyl transferases (EC 2.4.X.Y.) are listed, showing the catalytic reaction, substrate specificity, and their applications.
Alpha-glucanotransferase (a-GTase) or amylomaltase catalyzes the transfer of a glucan fragment from the nonreducing end of a glucan (donor) molecule to another glucan acceptor molecule, thereby resulting in disproportionation in both donor and acceptor glucan molecules (Fig. 4) . The glucan moiety of the donor molecules forms an enzyme-substrate intermediate, and the non-reducing end of the acceptor glucan enters the acceptor subsite ? 1 and attacks the enzyme-substrate intermediate with its 4-hydroxyl group. For cyclodextrin glucanotransferase, intra-molecular transglycosylation is dominant, creating various types of cyclodextrins. The a-GTases found in plants have been referred to as D-enzymes and resemble those found in microorganisms [48, 49] . One of the microbial a-GTases, MalQ, has been intensively investigated to understand the maltose utilization system in Escherichia coli. The enzyme catalyzes the transfer of glucosyl and maltodextrinyl residues from the non-reducing end of maltodextrin to acceptor molecules. It is also involved in the starch degradation pathway in plants, which is a process similar to the maltose utilization system in E. coli. [44] Thermostability of starch modifying enzymes for baking process-intermediate temperaturestable enzymes Enzyme-mediated hydrolysis or transglycosylation can occur after the starch molecule is gelatinized. Therefore, the enzyme must be active and heat-stable around the gelatinization temperature of the target starch. In the baking and rice cake making process, anti-staling enzymes are usually added to wheat flour or rice powder before preparing the dough or during the mixing of the dough, and they actively react with starch at a certain temperature at Properties and applications of starch modifying enzymes 303 which starch gelatinization occurs. These enzymes are then inactivated during the baking or steaming process due to the high process temperature, and thus do not excessively hydrolyze starch or cause gumminess in the products. Therefore, the intermediate temperature stable enzymes are desirable as anti-staling agents [50] . However, most intermediate temperature plant amylases are not sufficiently active due to instability at the gelatinization temperature of about 60°C. In contrast, the gumminess problem occurs when using bacterial heat stable amylases because they are inactivated at temperatures higher than 75°C [51, 52] . For example, a-GTase from Thermus brokianus has an optimum temperature of 70°C, with a loss of enzymatic activity above 80°C [53] . He et al. [50] isolated b-amylase from ramie leaf that had intermediate temperature-stable enzyme properties. Its optimum temperature was 65°C, which is suitable for the baking industry. Kraus and Hebeda [51] also isolated an intermediate temperature-stable a-amylase from Bacillus megaterium, with an optimum activity at a temperature of about 65-72°C, which retained less than 50% of the activity at temperatures above 75°C. The enzyme-treatment retarded the staling of baked goods without causing gumminess or adversely affecting the organoleptic characteristics of the baked goods.
In the food and bio-industry, plant-originated amylases are preferred, due to their high product specificity and safety. However, their use is limited to some extent because most of the enzymes are extracted from cereal grains, which are human staple foods. Moreover, the thermal properties are not ideal for application as an intermediate temperature-stable enzyme. More studies are required to identify novel plant leaf enzymes that are highly stable and could be a potential alternative to traditional plant amylases. The T 50 , i.e., the temperature at which enzyme activity decreases by a half after a 30-min treatment, for ramie leaf b-amylase is 66°C, which is higher than for wheat flour b-amylase (50°C), soybean bamylase (63.2°C), and barley b-amylase (56.8°C) [54] . The ramie leaf b-amylase has superior thermostability to other plant b-amylases. The thermostability of wheat bamylase is also significantly enhanced in the presence of additives [54] .
Starch modification by various carbohydrate enzymes
In Fig. 5 , a general scheme for the enzymatic modification of amylose and amylopectin molecules by glycosyl hydrolase and glycosyyl transferase is outlined. Amylose and amylopectin molecules are the target substrates for glycosidic hydrolases, such as maltogenic amylase (MAase), a-amylase, and pullulanase. They generate various products, including the amylopectin cluster, with reduced molecular mass, linear glucans, and branched maltooligosaccharides. Transglycosidases, a-glucanotransferase, and cyclodextrin glucanotransferase transfer the Fig. 4 The mode of action of 4-a-glucanotransferase glucan moiety of amylase and/or amylopectin (donor) to other molecules (acceptor), resulting in the formation of amylopectin with rearranged branch chains and cyclic glucans.
Reducing amylose content by the selective hydrolysis of amylose
Rice is traditionally classified into three categories according to its amylose content (International Rice Research Institute, IRRI): 25-30% is classified as high, while 10-20% is classified as low, with intermediate amylose rice (20-25%) preferred in most rice growing areas in the world. It is known that the ratio of amylose to amylopectin may greatly influence the taste of cooked rice. Cooked rice with an amylose content of 5-15% is suitable for low temperature storage at around 4°C. Therefore, it is desirable to prepare low amylose-rice products in vitro by the modification of rice starch. One possible technique would be to develop an enzyme, which can selectively hydrolyze amylose, but not amylopectin.
The active site of maltogenic amylase in dimeric form is known to create a narrow and deep groove [55, 56] , and it has been proposed that the substrate preference of the enzyme toward carbohydrate molecules can be explained by this unique active site conformation. Similarly, Kamasaka et al.
[57] obtained a higher selectivity for neopulluanase on relatively small amylose molecules in starch rather than on large amylopectin molecules. The distinguishable action of maltogenic amylase or cyclodextrinase (CDase) can be applied to produce low-amylose starch by selectively-degrading amylopectin molecules. A CDase isolated from alkalophilic Bacillus sp. I-5 had a kcat/km value on amylose of 14.6 s
, whereas for amylopectin it was 0.92 s
, demonstrating an exceptionally high preference toward amylose [56] . However, amylases with a high selectivity toward amylose frequently cannot be used in rice cooking due to their low optimal temperature. To overcome this disadvantage, a thermostable maltogenic amylase from Thermofilum pendens (optimum temperature [ 90°C) has been developed [58] . The substrate specificity of the enzyme had a k cat /K m value on amylose of 0.98 s -1 -mL mg -1 , whereas for amylopectin it was 0.30 s -1 -mL mg -1 , indicating a high preference toward amylose. When cooking with this enzyme, the retrogradation rates of cooked rice decreased significantly during storage at 4°C. Furthermore, to enhance the specificity toward amylose, Gly50, Asp109, and Val431, located at the interface of the dimer of maltogenic amylase from Thermus sp., were replaced with bulky amino acids, creating the mutant enzymes of G501I/D109E/V431I. The kcat/km values of the mutants for amylose increased significantly compared to the values for the wild-type enzyme, whereas the values for amylopectin decreased [59] . Thus, the substituted bulky amino acid residues such as isoleucine and glutamate resulted in a narrower shape of the catalytic site, which enhanced the ability of the enzyme to distinguish between small and large molecules.
Amylose-free starch has been produced by genetic modification in plants that targets the enzymes involved in starch biosynthesis [60] . Amylose-free starch and high- amylose starch in cereals have been produced by traditional plant breeding technology or biotechnology [61, 62] . In addition, amylopectin with an altered structure was synthesized by the inhibition of SS II and SS III isoforms in rice species [29] . Amylose-free short-chain amylopectin starches have also been developed and the starches have excellent freeze-thaw stability [60] .
Modification of starch by hydrolysis reaction of enzymes: a-and b-amylases
Beta-amylase is an exo-splitting enzyme and releases maltose successively from the non-reducing end of glucan chains, thereby shortening the external side chains of amylopectin. A shortening of the external chains of waxy maize and potato amylopectin was performed with b-amylase. Partial beta-amylolysis produced a significant fraction of chains with 2-6 glucose units. No retrogradation occurred when the external chains of both amylopectins had 11 or less glucose units on average [63] . The inhibition of retrogradation may be caused primarily by the presence of very short external chains, which hinders the re-association of the long external chains. Thus, the enzyme is suggested to retard bread staling by reducing the tendency of the amylopectin to retrograde in baking products [63] . Moreover, plant-originated b-amylase has significant technological importance for the baking, brewing, and starch industries due to its safety and high specificity compared to microbial enzymes [23, 54] . A plant b-amylase with a temperature optimum [ 60°C would be useful for the baking industry as an intermediate temperature-stable amylase. Ramie leaf-treated rice cake exhibited a significant increase of shorter branch chains (DP \ 15) of amylopectin, but a decreased number of longer branch chains (DP = degree of polymerization [ 16) . Furthermore, ramie leaf treatment significantly reduced retrogradation during 48 h of storage at 4°C [23] . The hardness of the ramie leaf rice cakes was lower than that of the control without ramie leaf addition, resulting in the production of a rice cake with a milder taste. As an alternative plant-originated enzyme, ramie leaf b-amylase has the potential for use as a novel anti-staling additive. The activities of amylase isozymes affect the palatability of cooked rice. Therefore, enzymes from the rice endosperm can serve as biomarkers for evaluating the palatability of steamed rice [51, 64] . An intermediate temperature-stable bacterial aamylase retards the staling of baking products, without causing gumminess or adversely affecting the organoleptic characteristics of baking products. The enzyme survives incorporation into dough, remains active at [ 60°C, but is inactivated rapidly at [ 75°C; thus, it has no tendency to hydrolyze starch excessively or cause gumminess in baking products. In contrast, the Bacillus subtilis heat-stable alphaamylase causes gumminess because it is not inactivated at 75°C [51] .
The effects of amylase treatment on the surface of starch particles have been investigated. b-amylase resulted in a thinning effect at the surface of soluble starch particles [65] . The molecular weight distributions of enzyme-treated starch particles and their chain length distributions showed that b-amylolysis had a thinning effect at the outermost surface of soluble starch particles, thereby resulting in an increase of DP 2-5 chains, but a decrease in the external long chains. The digestion analysis showed that enzymetreated starch particles had a low digestion rate, and could be used for preparing highly branched nano-particles as a delivery carrier for functional compounds [65] .
Yao et al. [66] investigated the effect of partial bamylolysis on the retrogradation of rice starch and suggested the potential application of b-amylase in the preparation of rice products with an extended shelf life. The results indicated that partial b-amylolysis using bamylase retarded amylopectin retrogradation by shortening the branch chain length of amylopectin. In addition, the maltose produced in b-amylolysis might slightly attenuate the inhibition effect of retrogradation.
Amylases producing maltose, maltotriose, maltotetraose, and longer maltooligosaccharides are claimed to extend the shelf life of baking products by delaying retrogradation of the starch. Of these enzymes, a-amylases have an anti-staling effect on bread by producing various maltooligosaccharides [67, 68] . However, the production of branched maltooligosaccharides of DP 20-100 by aamylase may result in gumminess in bread [67] . To reduce the production of branched maltooligosaccharides, Carroll et al. [69] used a debranching enzyme, pullulanase, with aamylase for making bread. Pullunase hydrolyzes the branched maltooligosaccharides of DP 20-100 produced by the a-amylase into smaller maltooligosaccharides, which improves the quality of the baked product. Min et al. [70] employed a novel maltooligosaccharide-producing amylase that produces mainly maltooligosaccharides as an anti-staling agent for baking bread.
A dual modification of starch has been performed, in which the starch in the granular was treated with a mixture of fungal a-amylase and glucoamylase and then chemically modified to produce enzyme-hydrolyzed-hydroxypropyl (HP) starch [71] . Enzyme-hydrolyzed-HP starch has significantly different functional properties compared to hydroxypropyl starch prepared from untreated (native) starch.
Modification of starch by transglycosylation reaction of alpha-glucanotransferase (a-GTase)
Maize granular starch has been modified by Thermus scotoductus a-GTase and the physicochemical properties of the products have been characterized. The molecular weight of amylopectin decreased from 4.4 9 10 8 Da to 7.1 9 10 5 Da, indicating that the inner chain (C or B chains) of amylopectin was cleaved and the outer chains (A or B chains) were rearranged. As a result, small amylopectin clusters with shortened branch chains were produced. The branch chain length distribution of rice starch was examined after a-GTase treatment. Both the number of long (DP [ 25) and short-branch chains significantly increased. The increase in the number of long-branch chains may be attributed to amylose and glucan moieties (fragments), which were transferred to the branch chains of amylopectin. Consequently, the a-GTase-modified starches displayed a smaller proportion of branch chains with DP 7-20, but a larger proportion of branch chains of DP [ 20 than the control [72, 73] . Additionally, the enzyme had the capability to produce cycloamylose with DP 19-35 (Fig. 5) . The physicochemical properties of a-GTasemodified rice flours were examined [74] . a-GTase-modified rice flour had a higher water holding capacity than a control rice flour. Furthermore, the textural properties of noodles prepared with 4a-GTase-treated rice flour after a freeze-thaw cycle were retained when compared to a control noodle. As a result, the a-GTase-treated rice flour appeared to have good potential as a non-sweet cryoprotectant of frozen products.
Lump-free cooked rice was prepared using a disproportionation reaction of a-GTase [75] . Thermostable disproportionation enzymes active at around the gelatinization temperature of rice starch (70-80°C) were applied to improve the quality of cooked rice, with lump-free properties. A starch binding domain-attached a-GTase from Thermus aquaticus was prepared from an E. coli transformant carrying a recombinant plasmid. The stickiness of the cooked rice showed that the enzyme treatment had the effect of reducing the lumping properties of cooked rice grains and rice porridge. The enzyme treatment also provided a creamier, and more uniform texture of rice porridge. A highperformance anion exchange chromatography (HPAEC) analysis of the starch structure in cooked rice and rice porridge revealed that the proportion of both short (DP \ 6) and long-branch chains (DP [ 20) increased in the enzymetreated samples. In addition, when rice was cooked with aGTase, the amylose content of the cooked rice grain decreased by 36%. The amylose content on the surface of the cooked rice grains treated with the enzyme was reduced by 50% compared with that of the untreated cooked rice. These results revealed that the glucan fragment of amylose was transferred to amylopectin branch chains by a transferring reaction. Thus, the decrease in the amylose content on the surface is likely to be responsible for reducing the stickiness of cooked rice grains and rice porridge. Furthermore, the retrogradation rate determined by a differential scanning calorimeter was significantly lowered in the enzyme-treated samples after storage for 10 h at 4°C. Thus, a-GTase may have great potential for application to various rice-based products in the food industry.
Starch modification of bakery products by cyclodextrin glucanotransferase and maltogenic a-amylase, Novamyl Ò Currently, Bacillus stearothermophilus maltogenic aamylase (Novamyl Ò ), is widely used in the baking industry as an anti-staling agent due to its ability to lower the retrogradation of gelatinized starch [76] , and is known to be different from exoglucanases like b-amylase and glucoamylase. The reaction products of the enzyme are maltose and oligosaccharides, whereas b-amylase and glucoamylase produce maltose and glucose, respectively. Interestingly, maltogenic a-amylase does not require a nonreducing end, and attacks amylose, amylopectin, and cyclodextrins in an endo-like manner [77] . The 3-D structure of the enzyme (Fig. 2) has a five-domain organization, which is more usually associated with CGTase and sequence homology to CGTases [78, 79] . Like CGTase, maltogenic a-amylase cleaves cyclodextrins and forms transglycosylation products, but is subject to product inhibition by maltose [77] . An enzyme mixture comprising maltogenic a-amylase and amyloglucosidase has been used to prevent the staling of baked bread [22] .
Cyclodextrin glucanotransferase (CGTase) produces various cyclodextrins (a-, b-and c-) via the intramolecular transglycosylation of maltooligosaccharides. Lee et al. [80] reported the potential application of CGTase as an antistaling agent for bread by eliminating the cyclization activity. CGTase from B. stearothermophilus ET1 was genetically modified to enhance its potential as an antistaling enzyme. The cyclization activity of the mutants dramatically decreased, but showed a two-fold higher hydrolysis activity than the wild-type enzyme. Consequently, CD was barely detected in the loaf treated with the mutant enzymes and the mutant-treated bread contained more of the larger maltooligosaccharides, such as maltopentaose and maltohexaose, than the control. Retrogradation rates decreased significantly in the loaves treated with the mutants. In a similar way, Shim et al. [81] reported another mutant to improve a CGTase activity as an antistaling enzyme. A CGTase cloned from alkalophilic Bacillus sp. I-5 was mutated in which the cyclizing activity of the mutant enzyme decreased by 10-fold, while the hydrolysis activity increased by 15-fold. The application of the mutant enzyme reduced the retrogradation rate of bread as much as Novamyl Ò during a seven-day storage at 4°C [81] . Furthermore, CGTase [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] that was previously engineered to enhance the hydrolyzing activity with little cyclodextrin formation activity toward starch was primarily manipulated to be displayed on the cell surface of Saccharomyces cerevisiae [82] . Saccharomyces cerevisiae carrying pdCGT integrated into the chromosome exhibited a high starch-hydrolyzing activity. The volumes of the bread loaves and rice cakes prepared using S. cerevisiae/ pdCGT increased by 20 and 45%, respectively, with no detectable CD. The retrogradation rates of the bread and rice cakes decreased significantly during storage. The results revealed that CGTase [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] displayed on the surface of yeast hydrolyzed starch into glucose and maltose that could be used at a moderate rate by yeasts, resulting in the production of evenly-distributed gas bubbles during bread baking.
Thermoreversible starch gel and other modified starch products
The production of thermoreversible starch gels is a potential industrial application of a-GTase. A normal untreated starch gel cannot be dissolved in water after it has retrograded, whereas starch treated with a-GTase obtains thermoreversible gelling characteristics. The action of aGTase reduces the amylose content and broadens the branch-chain length distribution in amylopectin, which results in the production of both shorter and longer branch chains in modified amylopectin. a-GTase-treated potato starch was shown to exhibit thermoreversible gelation at a concentration of 3% (w/v) [49] . Van der Maarel et al. [49] described this process using a-GTase from the hyperthermophilic bacterium Thermus thermophilus. Hansen et al. [83] modified starches from various plant sources including potato, maize, waxy maize, wheat, and pea. Modifying starch with a-GTase resulted in a broadening of the amylopectin chain length distribution. The increase in longer chains appeared to be a combination of the effect of amylose on amylopectin chain transfer and transfer of cluster units within the amylopectin molecules. Lee et al. [84] studied the effects of a thermostable a-GTase from T. scotoductus on the thermo-reversibility and freeze-thaw stability of cooked rice paste. The enzyme-treated gel exhibited a highly improved freeze-thaw stability. Currently, a-GTase is not commercially available and so the thermoreversible starch gel cannot be produced on an industrial scale.
Low-fat spreads were developed using a thermoreversible gelling agent and a-GTase-modified rice starch [85] . Formulations with 15 or 20% of the modified starch paste resulted in highly stable oil-in-water low-fat spreads, with an acceptable spreadability. Furthermore, the modified starch-based low-fat spreads were found to be highly thermoreversible. The thermoreversible low-fat spread can be used in some baking such as cakes, However, more investigations will be needed to make it suitable for baking to achieve optimum results.
A highly branched rice starch amylopectin cluster was prepared using a mixture of T. scotoductus a-GTase and maltogenic amylase. The hydrolysis rate of the modified product toward glucoamylase and a-amylase significantly decreased [86] . Cho et al. [87] found that the production of cycloamyloses (DP 3-40) by T. aquaticus a-GTase increased as the amylose content of the starch samples increased.
Enzyme resistant starch formation
Resistant starch (RS) is defined as the fraction of starch that is highly recrystallized or retrograded. When consumed as dietary intake, the undigested RS in the small intestine reaches the large intestine, thereby serving as a fermentation substrate for beneficial colonic bacteria. The short fatty acids, such as the propionic and butyric acids produced by colonic fermentation, have beneficial physiological effects, with therapeutic and nutritional values akin to dietary fiber [88] . A number of investigations on resistant starches have been conducted using a combination of maltogenic a-amylase, with other enzymes [86, 89] .
Physicochemical properties of amylosucrase-modified starch were also investigated, focusing on structural changes and digestion [90] [91] [92] [93] [94] [95] . The starch modification by amylosucrase resulted in a decrease in the proportion of short-branch chains, whereas for long-branch chains there was an increase, thereby transferring glucosyl units to the non-reducing ends of other branch chains of amylopectins. The in vitro digestion analyses of amylosucrase-modified starch revealed that the elongated branch chains were the major areas with a high content of slowly digestible starch and RS, due to formation of a partly ordered crystalline structure via associations between elongated branch chains.
Branched oligosaccharide (BOS) (isomaltooligosaccharide: IMO) production by starchconverting enzymes BOS or IMO constitute a mixture of glucose oligomers, which contain more than one a-1, 6-glucosidic linkages in the molecule. It includes isomaltose, panose, isomaltotriose, isomaltotetraose, isomaltopentaose, and higher branched oligosaccharides. BOS is naturally found in some starch-based foods, and is being manufactured commercially from starch by the enzyme reaction. While human intestinal enzymes readily digest a-(1, 4)-glycosidic bonds, a-(1, 6)-linkages are barely hydrolyzed and so exhibit digestion-resistant properties. A BOS mixture can be used as a substitute for sucrose and other saccharides in the food industry due to the low viscosity, mild sweet taste, and limited freezing point depression [96] . They are also effective at reducing microbial contamination as well as the retrogradation of starch-based foods because they have a high moisture-holding capacity and lower the water activity of foods [97] .
On a commercial scale the manufacturing process consists of two steps. First, the starch is converted, by enzymatic hydrolysis, into a high sugar concentrate of di-, tri, and oligosaccharides, having a- (1, 4)-glycosidic linkages  and, secondly, a-(1, 4) -glycosidic linkages of the product are further converted into a-(1, 6)-glycosidic linkages by an enzymatic transglycosylation reaction, forming BOS. Maltogenic amylase is capable of transferring an alpha-1, 4-sugar moiety released from starch to acceptor sugar molecules by an alpha-1, 6-glucosidic linkage when the substrates are present in excess. In a similar way, these catalytic properties of enzymes can be applied to produce highly branched oligosaccharide mixtures, with various glucosidic linkages. It has been shown that BOS improves the shelf life of starch-based foods by lowering water activity [97] .
In addition to branched oligosaccharides being manufactured by a two-step procedure that uses two alphaamylases on starch solution [98] , some amylolytic enzymes possess a glucose transferring activity as well as a hydrolyzing activity [99] . When using these bifunctional enzymes, a one-step process is required to produce branched oligosaccharides [100, 101] . The amount of BOS in the mixture used in these studies was comparable to the amount in the mixtures on the market.
A continuous process for the production of maltodextrins of a specific length, such as maltohexaose, maltopentaose, and maltooctaose, was developed using Pyrococcus furiosus thermostable amylase. The resulting products were of high quality, with a purity of more than 95%, and have the potential to be widely used in the food and bio-industry [102] .
Enzyme technology is a promising tool for the starch modification of starch-based foods such as baking products because carbohydrate enzymes can react in a substratespecific way toward the target starches in the complex matrix of food items. Although the enzymatic method has many advantages over other methods, such as chemical and physical treatments, for most microbial enzymes there is a need to prove their safety in terms of human health when they are used in baking products. In contrast, plant-originated enzymes can be applied as safe food ingredients. However, their uses are limited due to limited number of natural sources and their temperature instability during food and starch processing. Thus, new enzyme resources from plants or safety-proven microorganisms should be further investigated in the future. As mentioned above, the rapid retrogradation problem of rice starch-based foods can be overcome technologically. One potential way to achieve this is by the combination of two or more enzymes, or by enzyme treatments with chemical/or physical methods that have been recently proven to be more effective for starch modification. The mechanisms involved in starch retrogradation and enzyme reaction should be further investigated under the various storage conditions used for baking products.
